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ofldoes not proceed by the one of the classical mechanisms. We propose a

new general chemical light producing scheme identified as chemically initiated
electron exchange luminescence.
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ﬁBﬁEC%%&' The thermal reactions of diphenoyl peroxide (l) were probed.

It was found that when ] was heated at 24° for 24 h in CHZCIZ,
benzocoumarin (g) and a small amount of polymeric peroxide were formed.
Under these conditions the reaction was essentially non-chemiluminescent.
However, addition of any one of several easily oxidized fluorescent molecules
resulted in readily detected chemiluminescence. The mechanism for chemical
light formation was probed by investigating the: i) effect of the additives'
structure, ii) reaction kinetics, iii) effect of solvent polarity and
viscosity, iv) effect of reaction conditions on the products, v) chemilumi-
nescence emission, and vi) independent generation of proposed intermediates.
“These studies show that the chemiluminescence of ) does not proceed by the
one of the classical mechanisms. We propose a new general chemical light

producing scheme identified as chemically initiated electron exchange

lTuminescence.
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Chemical reactions that result in light emission have been intensively
investigated for the past half century.3 Two general schemes have evolved
to explain most observations on these intriguing reactions. In the first
sequence, shown schematically in figure 1, a high energy reactant molecule

undergoes an exergonic reaction to generate an electronically excited state

of a product molecule. Subsequent fluorescence or phosphorescence from this
excited state species, or one derived from it, results in chemiluminescence.4
Examples of chemiluminescent reagents currently thought to proceed along

this path are simply substituted 1,2-dioxetanes.S Dewar benzene and its

o —— -

derivativgs,6 lumino],7 and several other less well characterized systems.8

Thelsecond approach to chemical light generation is known as electro-
generated chemiluminescence (ec1), shown schematically in figure 2.9 In
this procedure, a radical anion, usually formed by the reduction of a
suitable species at a cathode, and a radical cation, typically the result
of a one electron oxidation, form a diffusive encounter pair and mutually
annihilate. The result of the charge annihilation is an electronically
excited state species which may then go on to emit a photon of light.
Light yields of typical ecl reactions are low because of the required

diffusive encounter of two rather reactive species.

e In this report we would Tike to fully describe the findings from our
investigation of the chemiluminescence of diphenoyl peroxide (L).] These
resu}ts have led to delineation of a new general mechanism for
chemiluminescence described as chemically initiated electron exchange
luminescence (CIEEL). This mechanism appears to explain chemical light
generation in many important systems and provides for the ready rationalization

of many of the most perplexing observations of chemi- and bioluminescent

systems.
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RESULTS

RERRAAL IO AN TRermaL Reackions L RiRhsRo L Rerexide
The preparation of diphenoyl peroxide (l) has been reported

by Ramirez and coworkerslo and is shown in equation 1.

Details of the

purification and characterization of peroxide l are given in the experimental
section.

s ;
Q 0
P(OCHz)y —>— L (1)
3
0
1 :

The thermolysis of diphenoyl peroxide was carried out in several
different solvents. The results in CH2C12 are typical. In this case,
heating a 1 x 10'4 M solution under a nitrogen atmosphere, in the dark,

for 24 h at ca. 24° gave benzocoumarin (2) in 75% yield and a polymeric

peroxide.
B
PO L P
0 -
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No diphenic acid (3) or diphenic anhydride (4) could be detected as

reaction products under these conditions.

, The reaction of diphenoyl peroxide to form benzocoumarin (%) and

co, is exothermic by ca. 70 kcal/mole. The activation energy (see below)

k' . R ) o

(2)
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for this reaction is ca. 24 kcal/mole. Thus, at the transition state, there
is about 94 kcal/mole available for the formation of electronically excited

state products.n

The singlet energy of benzocoumarin (a) is estimated to
be ca. 88 kcal/mole. Therefore, formation of excited singlet benzocoumarin
is thermodynamically permitted. However, it is observed that photoexcited
benzocoumarin is essentially non-fluorescent. Thus, no chemiluminescence
is expected or detected during thermolysis of solutions of diphenoy]l
peroxide (l). If electronically excited benzocoumarin is formed during
thermolysis of l, its presence should be confirmed with an energy transfer
(trapping) reaction to a suitable emitting acceptor. Biacetyl, which has
accessibie emissive singlet and triplet states, and 9,10-dibromoanthracene
(DBA) which can undergo both singlet-singlet and triplet-singlet energy
transfer, do not produce sensitized chemiluminescence when added to

12

solutions of Q’in CHZCIZ. These observations make the possibility remote

that high yields of electronically excited benzocoumarin are formed
during thermolysis of peroxide 1}

Bright, readily seen, chemiluminescence from thermolysis of diphenoyl
peroxide is observed, however, when any one of several relatively easily
oxidized emitting molecules is added to solutions of l. For example,
addition of 9,10-diphenylanthracene (DPA) to ] in CHZC]2 results in DPA
fluorescence. This observation further supports the proposal that no
detectable amount of excited benzocoumarin s formed during thermolysis of
l. Instead DPA must be excited by some mechanism other than conventional
energy transfer since singlet-singlet energy transfer to DPA and DBA should
occur with the same rate. Moreover, we observe that the rate of reaction

of peroxide ] is accelerated by the added molecule when chemiluminescence

4

results. Thus, we refer to these additives as the catalytic chemiluminescence

activators.
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We find that the activator concentration is essentially constant

(see below) during the reaction with peroxide l and that the rate

acceleration is directly proportional to the concentration of the activator.
These results are consistent with the simple kinetic law shown in equation 3,
where kobsd is the rate constant for the observed first-order decrease in

the concentration of peroxide ], k] and kz are the rate constants for the
unimolecular and activator induced reactions respectively. Also consistent

with this rate law, the reaction of 1 follows strictly first-order kinetics

and the chemiluminescence intensity is directly proportional to the concentration
of peroxide ). The kinetic analyses for the thermolysis of l with a variety

of actiQators is shown in figure 3 and the kinetic data summarized in

Table 1.
kobsd .y * ks [Activator] (3)

The products of thermolysis of peroxide l depend upon the reaction path.

In the presence of a quantity of rubrene (the catalytic chemiluminescence
activatpr) sufficient to insure that essentially all of l reacts
by the bimolecular path, the reaction products are benzocoumarin and polymer
(as in the uncatalyzed reaction), singlet excited rubrene and diphenic
acid.‘I3 The excited rubrene singlet is, of course, responsible for the
observed chemiluminescence. Since the diphenic acid is only produced in
the presence of the activator it must arisg'ﬂy the induced bimolecular path.

‘ To further demonstrate that the chemi{uminescence is the result of the
bimolecular reaction, the effect of catalytic activator concentration on
the chemiluminescence intensity was probed. As shown in figure 4, the
reciprocal of the re!ative light yield is a linearly increasing function of
the reciprocal of activator concentration, in this case DPA. This observation

is consistent only with excited state production resulting from the bimolecular

reaction of peroxide l‘with the activator.
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The magnitude of the bimolecular rate constant, kz. is strongly dependent
upon the structure of the catalytic chemiluminescence activator. From the
data in Table 1 it is clear that the rate constant kl (the intercept in
figure 3) does not depend upon the structure of the activator. Most F
significantly, it is observed that the magnitude of the bimolecular rate
constant k, (the slope in figure 3) is inversely correlated with the one

electron oxidation potential of the chemiluminescence activator. As shown in j

figure 5, an increase in the oxidation potential of the activator causes a
decrease in the magnitude of k2' This observation is consistent with

electron transfer from the activator to diphenoyl peroxide in the rate
14

determining step of the chemiluminescent process. And this also explains why
the relatively difficultly oxidized biacetyl and DBA molecules do not cause
light production.

The effect of activator structure on the reaction rate is reflected in
the free energy of activation for the catalytic light path. As shown in
Table 2, the activation energy %or the bimolecular reaction varies with
activator structure. These activation energies were determined by two
independent techniques. The first technique involves measurement of the
effect of temperature on the magnitude of the bimolecular rate constants
(kinetics). This procedure yields thermal data on the entire bimolecular
path. The second technique used probes the .effect of temperature on the
chemiluminescence light yield (intensity).L This approach generates
activation parameters for only that portion of the reaction that leads to

15 A significant result, shown in Table 2, is that for cases

1ight emission.
studied, the activation energies determined by these two independent techniques
are identical. This result implies that the induced decomposition and the

light forming reaction path have the same rate determining step. This finding is
consistent with 1ight formation as a result of the bimolecular electron transfer

“

interaction.
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Effect of Solvent on the Chemiluminescence
VWYY VWYV VWYYV VWV VWV YWV

To further examine the light forming path, the influence of solvent
dielectric constant (Table 3) and viscosity (Table 4) on both the magnitude
of the bimolecular rate constant and the efficiency of light production was
investigated. The data in Table 3 show that, in general, as the dielectric
constant of the solvent increases, the bimolecular reaction of diphenoyl
peroxide with the activator (perylene in this case) proceeds with a larger
rate constant. Benzene is tie exception and this may be due to the high
polarizabi]ity of the w electron cloud for this solvent:.]6 Also, the data
in Table 3 show that the efficiency of excited state production along the
bimolecular path generally decreases as the solvent dielectric constant
increases, again benzene being the exception. Thus, although the catalytic
activator rate constant increases, the fraction of the reactions that
proceed by this route that ultimately lead to an electronically excited
product goes down as the die]ect;ic constant for the solvent goes up. These
observations are consistent with a reaction path that creates charge in the
rate determining step and in which a subsequent step on the light forming
path is in competition with a charged species diffusing away from and never
returning to the light path.

The effect of solvent viscosity is shown’in Table 4. These data show
that jas the solvent viscosity is increased,;the efficiency of excited state
generation by the bimolecular path also increases. This observation is again
consistent with the notion that diffusion of an intermediate from the initial

solvent cage is in competition with excited state formation.

.

SRectra1 Examination of Diphenoyl Peroxide Chemiluminescence :

' The spectrum of the chemiluminescence emission from diphenoyl peroxide

TR
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and various activators reveals some important information about the

ol

mechanism for the generation of the electronically excited state. In the
case when the catalytic activator is an aromatic hydrocarbon, the
chemiluminescence emission spectrum is identical to the photoexcited
fluorescence of the hydrocarbon. When triphenylamine or N-phenylcarbazole
is employed as the catalytic activator, chemiluminescence is still observed,
the decay rate still depends on activator concentration, and the magnitude
of the bimolecular rate constant is predictable from the activator oxidation
potential. However, the chemiluminescence spectra no longer correspond
to the activator fluorescence spectra. In these cases, the chemiluminescence
emission:spectra are broad, structureless, and shifted toward lower energy
. from the normal fluorescence. Also, with the amine activators the
chemiluminescence is rapidly quenched by the addition of polar solvents
such as acetonitrile. This behavior is consistent with formation of, and
emission from, an exciplex resulting from reaction of l with the amine.17
This conclusion is confirmed by the behavior of photoexcited solutions

of benzocoumarin and triphenylamine. At high concentrations of benzocoumarin,

the normal fluorescence of triphenylamine is quenched and a new emission
appears with a maximum at 450 nm, see figure 6. This photoexcited exciplex
emission is identical in all respects to the chemiluminescence from
diphenoyl peroxide and triphenylamine. Significantly, there is no

-

detectable triphenylamine fluorescence comgohent in the chemiluminescence
emisgion. Thus, the exciplex must be the initially formed electronically
excited species in this reaction. That is, the exciplex is not formed

by a diffusive encounter of an excited triphenylamine with a ground state

benzocoumarin.




Yield of g]ectronicallx E§cit£d Statg;

The yield of electronically excited states by the induced path for
diphenoyl peroxide and perylene was determined by comparison with the yield
of excited acetone from tetramethyldioxetane. This analysis shows that in
CH2C12 at 32°, 10 + 5% of the diphenoyl peroxide molecules that react by the
bimolecular path lead to the formation of a perylene singlet excited state.
Detection of the triplet excited state of the aromatic hydrocarbon is much
more difficult because these states are essentially non-emissive in fluid

solut:ion._f]8

Moreover, the low energy of typical aromatic triplet states
mitigates against efficient energy transfer to an emitter. An exception

to this last generalization is chnr-_ysene.]9 The lowest excited triplet of this

. molecule has been located at 57 kcal/mole above the ground state. Thus,

this triplet is sufficiently energetic to permit efficient energy transfer
to the emissive triplet of biacetyl. Whe» diphenoyl peroxide is reacted
with chrysene in the presence of.biacetyl, no biacetyl phosphorescence
is detected. Therefore, at least under these conditions, the formation of
the triplet excited state of the aromatic hydrocarbon appears to be
considerably less efficient than excited singlet formation.

The relative light yield for the series of aromatic hydrocarbons
studied is shown in Table 5. At fixed diphenoyl peroxide and activator
concentration, the light yield reflects theLcompetition between unimolecular
and induced reaction of peroxide l. Thus, comparison of the chemiluminescence
intensity oflrubrene and DPA activated systems at identical concentrations
shows that about 200 times more light is generated by the rubrene than DPA.
Normalization of the 6bserved relative light yields for the measured value
of the bimolecular rate constants (kz) and fluorescence yields of the
hydrocarbons shows that the lioht forming efficiency is essentially independent

of the nature of the activator (see Table 5). This observation suggests

" -
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that after the initial catalytic event, the factors that control

partitioning between excited and ground state products are approximately

independent of the nature of the activator.

bttegRts to Qgtect an Intermediate Ground State Coqklﬁé

Several attempts were made to detect a stable ground state complex
between diphenoyl peroxide and the catalytic chemiluminescence activators.
Two approaches were employed. The first measures the effect of added
peroxide on the uv-visible absorption spectrum of the activator.20 In particular,

! it is found that peroxide l has no affect on the absorption spectrum of
rubrene. The absorption spectrum of the mixture is quantitatively the sum
bof the spectrum of the components. The second technique measures the
oxidation potential of the activator in the presence of varying amounts of
peroxide l.Z] Again for the caﬁe of rubrene in CH2C12, no affect of added
diphenoyl peroxide on the oxidation potential was observed. These findings
indicate that a hignh steady state concentration of a relatively stable

complex between rubrene and peroxide l is not formed in these cases.

lndegendent Chemical Generation of ProRosed Intermediates
A AVAVAVAV VAV VA

-

} Electron transfer from the chemiluminescence activator to diphenoyl
peroxide followed by cleavage of the oxygen-oxygen bond in l is expected to

generate the 2,2'-dicarboxybiphenyl radical anion g (Scheme 1 ). This species

is a postulated key intermediate in the formation of benzocoumarin during -
chemiluminescence of ] (see discussion below). As a test of this proposal,

radical anion g was generated by an independent route.

yaie se -
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The reaction of diphenic anhydride with potassium tertiary hydroperoxide

in refluxing THF results in the formation of benzocoumarin £. We suggest

that this reaction involves thermal cleavage of the oxygen-oxygen bond in
peroxide Q?z to generate the desired radical anion R (Scheme 1). While
other pathways can be written, the formation of benzocoumarin under conditions
which we consider to generate Q, a precursor to benzocoumarin in the
chemi]uﬁinescent reaction of l with the activators, clearly can be taken to

support the postulates of Schemes 1 and 2 (see below).
DISCUSSION

Chemical 1ight generation from the reaction of diphenoyl peroxide
with the chemiluminescence activators does not occur by the commonly
considered reaction path shown in figure 1. Many of our observations
are inconsistent with this mechanism. Most significantly, the specific
involvement of the activator in the chemical step responsible for initial
excited state production rules out the "classical" explanation. In :
Scheme 2 a mechanism consistent with the experimental findings is shown.
We designate this pathway chemically initiated electron exchange luminescence
(CIEEL).

In this scheme, the initiating step in the Tight generating sequence

is an electron transfer from the activator to peroxide g Following :

this transfer,.the reduced peroxide cleaves and loses 002. Cyclization of
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the decarboxylated intermediate generates benzocoumarin radical anion.
Annihilation of the benzocoumarin radical anion and the activator
radical cation results in excited state generation.

The initiating, and rate determining, reaction in the proposed CIEEL
mechanism is an electron transfer from the chemiluminescence activator
to the diphenoyl peroxide. The experimental evidence for this step is quite
conclusive. The rate constant for this process is the bimolecular
parameter k2. Critically, the activation energy, and hence the magnitude
of kz, for the electron transfer must depend upon the oxidation potential
of the activator (on), the reduction potential of peroxide ] (Ered)’ and
the coulombic attractive force between the developing oppositely charged
radical ions according to equation 4, where e is the electronic charge,
"€ the dielectric constant, and Ro the distance between the ions at the

e? .

k, = A-exp-(Eox = Erail --;E;)/RT (4)
transition state. Significantly, equation 4 predicts that for a given
solvent the magnitude of the rate constant for electron transfer from the
activator to peroxide l should be determined by on. This prediction is
exactly the observed result. The correlation of log k2 with on,
shown in figure 5, is general for activators of diverse structure and
composition. It is important to note that no other parameter, such as
singlet energy, absorption spectrum, fluore§éénce efficiency, or lifetime
of the activator, correlates with the measu;ed value of k2'

Polarographic and cyclic voltammetric studies of diacyl peroxide

reductions show an irreversible wave.23

This finding is interpreted to
indicate that a rapid chemical reaction follows injection of the electron
into the LUMO of 1. We surmise that the LUMO of diphenoyl peroxide strongly

resembles the antibonding ooo* orbital localized on the oxygen-oxygen bond.
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Thus, we associate the chemical reaction following one electron
reduction of l with cleavage of the oxygen-oxygen bond to generate the
ring opened radical anion R

The exothermic back electron transfer to regenerate starting
materials is in competition with cleavage of the oxygen-oxygen bond.
Partitioning between ring opening and reverse electron transfer may be
responsible for the effect of solvent dielectric constant we observe on
the magnitude of k2. According tu this interpretation, for high dielectric

constant solvents, the radical ions formed by the electron transfer are

stabilized relative to low dielectric constant solvents. This stabilization
results }n a decrease in the exothermicity, and therefore the rate of the
back electron transfer. Since the cleavage of the oxygen-oxygen bond
. does not result in creation or destruction of charge, its rate should be
more or less independent of solvent polarity. Thus, the increase in kz in
high dielectric constant solvents can be a result of retarding the reaction
rate for regeneration of starting materials and is consistent with electron
transfer from the activator to diphenoyl peroxide as the rate determining
step in the light generating sequence.

A second possible explanation for the observed solvent polarity effect
is based upon the influence of the dielectric congtant on on and Ered'
It is géneral]y observed that the magnitude ?f the oxidation and reduction

potential for a substrate is solvent dependgnt.24

Thus, in the more

pola‘ solvent, the magnitude of k2 is larger due to a decrease in the barrier
for oxidation of the activator and reduction of peroxide l. Importantly,
this interpretation also implicates electron transfer as the rate limiting
step in the chemilumipescent sequence.

Cleavage of the oxygen-oxygen bond in the reduced peroxide generates

radical anion 5. To form benzocoumarin, the observed product, this species

must lose the elements of CO2 and cyclize. The exact mechanism for CO2
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loss is not known at the present time and is under study. However, the
independent generation of this suspected intermediacte from the reaction of
diphenic anhydride with potassium tert-butyl hydroperoxide indicates that
this route for benzocoumarin formation is available.
Decarboxylation of the benzoyloxy radical is known to be competitive
with diffusion from the solvent cage.25 We suggest that decarboxylation
of g (Path A, Scheme 2) is also in competition with diffusion from the
initial solvent cage (Path B, Scheme 2). Evidence for this proposal
comes from three sources. First, the reduced yield for excited state
generation in high dielectric constant solvents is consistent with this
proposal. The rate of diffusion of radical anion 2 from the reaction
cage will depend on solvent dielectric constant because of the presence of
the radical cation of the activator within the cage. Thus, a polar solvent
would be expected tc permit more rapid cage escape. Once the ions have
u escaped the solvent cage, the probability for generation of a chemiluminescent
photon then becomes very low. E;idence for this conclusion derives from the
observation of the almost negligible effect that additives such as 0, and
tetramethylethylene, which are expected to react rapidly with the radical
ions, have on the efficiency of light production by the CIEEL path.
The second line of evidence that shows that decarboxylation is
competitive with cage escape comes from the effect of solvent viscosity
on the light yield. The data in Table 3 i&dicates that, for the cases
- studied, the fraction of the diphenoyl peroxide molecules that participate

in the electron transfer reaction that ultimately generate a photon goes

up as the solvent viscosity increases. Of particular relevance is the
-eomparison of CH2C12 énd dimethylphthalate. These solvents have very similar

dielectric constants but quite different viscosities. The relative light

- ————

———
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yield in the more viscous dimethylphthalate is 3.5 times that in CHZCIZ.
We interpret this finding to show that the reaction sequence leading to
light generation is at some point in competition with diffusion. We
surmise that this competition is between the decarboxylation of ® and

the separation of the radical ions.

Finally, the detection of diphenic acid as a product of the reaction
of diphenoyl peroxide with the activator indicates that an undecarboxylated
species is available for reaction under these conditions. Significantly,
we detect no diphenic acid when the thermal decomposition of l is carried
out in the absence of the activator. We conclude that the most probable

precdsor to the acid is the cage escaped radical anion g. Interaction

of this species with solvent, CH2C12 in this case, resulting in a hydrogen

. atom abstraction is anticipated to result in the observed diphenic acid.

Also, we find that under the conditions that result in the formation of
diphenic acid a small amount {ca. 5%) of the catalytic activator is consumed
during the reaction. This findiﬁg is consistent with our suggestion that
separation of the radical ions is in competition with excited state
generation. Thus the escaped activator radical cation is irreversibly
consumed during the reaction.

Based upon these findings, we suggest that the major factor determining

the efficiency of excited state generation frem peroxide l by the CIEEL

mechanism is the rate of decarboxylation of -radical anion 2. If
decarboxylation occurs within the initial solvent cage containing the
activator radical cation, then an electronically excited state will ultimately
result, see below. In competition with decarboxylation is diffusion

of a from the solvent cage and, possibly, endo'cher‘micz6 electron transfer

from Q to the activator radical cation. This electron transfer generates
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neutral activator and the 2,Z'-dicarboxydiphenyl diradical. Free

radical anion 3 may, among other possibilities, lead to the observed diphenic

acid. The biradical can generate the observed polymeric peroxide. .
Thermochemical calculations indicate that decarboxylation of 2

27 Thus we

followed by ring closure is exothermic by ca. 10-20 kcal/mole.
suugest that if the decarboxylation-ring closure sequence is step-wise,

the decarboxylation of R is slow and closure to form the radical anion of
benzocoumarin is rapid. Alternatively, the ring-closure and decarboxylation
can occur simultaneously. In either event, the result is the same.
Benzocoumarin radical anion is formed in the same solvent cage as the activator

radical cation.

The penultimate step in the light generating CIEEL sequence is charge

~annihilation of the cage radical ions resulting in generation of an electronically

excited state species. Electrochemical studies of benzocoumarin indicate

that the radical anion is 1.92 eV vs. SCE higher in energy than the

" neutral form. This energy plus the energy of the radical cation of the

activator is available for excited state generation. For the hydrocarbon

activators investigated, sufficient energy is released during the charge

annihilation to generate directly the excited singlet state of the hydrocarbon.
Conclusive evidence that the benzocoumarin and the catalytic chemiluminescence

activator are together within the same solvent cage at the instant of

excited state generation comes from the study of the exciplex formed with

triphenylamine. In this case, only the exciplex emission is seen during

fhe chemiluminescence experiment. If the exciplex was a result of a

diffusive encounter of an excited triphenylamine sing?et with ground

state benzocoumarin we should have detected fluorescence from the

triphenylamine as well. Furthermore, exciplex formation as a result of the

diffusive encounter of the excited singlet of benzocoumarin with ground
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state triphenylamine is eliminated for several reasons. First, it has
not been possible to detect excited benzocoumarin in solution by energy
transfer to any one of several expected acceptors. In particular,
9,10-dibromoanthracene, which cannot undergo CIEEL due to its high oxidation
potential, generates no detectable chemiluminescence when used as activator.
Second, based upon the estimated radiative lifetime of benzocoumarin, and
the lack of detectable fluorescence from this molecule, we calculate the
lifetime of the singlet state to be no greater than 1 nsec.29 Under the
conditions of the chemiluminescence experiment, a diffusive encounter of
such a sport lived species with triphenylamine is quite improbable and cannot
account for the observed efficient chemiluminescence. Thus, the only way
that exciplex emission can result from this reaction is that the required
partners be together before the excited state is created. Thus, the
activator and peroxide are together for the rate determining electron
transfer and are together for excited state generation. Consistent with
- the observed solvent effects and product studies, we suggest that the
entire light generating sequence occurs within the initial solvent cage.

The yield of electronically excited states from the CIEEL process
can be quite high. We have determined that ca. 10% of the diphenoyl
peroxide molecules that participate in the CIEEL process with perylene
in CHZCI2 at 32° generate an excited perylene.singlet state. This
represents one of the highest singlet yields observed for a chemiluminescent
reacgion. If spin equilibration occurs at some time during the reaction
sequence leading to chemiluminescence then we would anticipate that the
majority of the excited states produced would be of triplet multiplicity.

Several unsuccessful attempts were made to detect the triplet excited

state of the chemiluminescence activators. There are numerous experimental

28
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problems associated with the detection of the non-emissive relatively
low energy triplet state of the hydrocarbon activators. HNevertheless,
if the yield of excited triplets is at least comparable to the singlet
yield, we should detect them by our procedure. Thus, we can tentatively
conclude that chemiluminescence by CIEEL appears to favor the formation
of singlet excited states, at least for diphenoyl peroxide.

The mechanism for Tight generation from diphenoyl peroxide and
various catalytic chemiluminescence activators does not conforin to
previously considered schemes. The reaction sequence described as chemically
initiated electron exchange luminescence appears to accommodate the
experimental observations. In particular, the kinetic dependency on
on, the observed solvent dielectric constant and viscosity dependence,
the nature of the isolated products as well as the direct generation of
exciplex emission ars all consistent with the reaction path shown in

Scheme 2. We are continuing to probe the details of each of the steps

in this sequence.
CONCLUSION

The reaction sequence for chemical light generation by electron exchange
that we have described in this paper in terms of the reactions of diphenoyl
peroxide provides a new mechanism for chenﬁThminescence. The CIEEL process
is éapab]e of generating remarkably high y;elds of electronically excited
state molecules. It is potentially applicable to many chemi- and
bioluminescent phenomena which have previously been rationalized in other
ways.30

]

We would also 1like to note some additional recently discovered examples




-18-

of the CIEEL process. Thermal cleavage of a dioxetanone has been shown
to be a key step in the chemiluminescence and bioluminescence of many

3

efficient light producing systems. Our investigation of dimethyldioxetanone

32

has shown the CIEEL process to be operative for these molecules. Another

case is that of our recently discovered chemiluminescent reaction of

diphenyl-ortho-xylylene peroxide.33

In this case, the initial electron
transfer generates the final ion pair directly and circumvents the intermediate
chemical reactions. Finally, we would 1ike to suggest that electron exchange
may also be responsible for many reactions of peroxides in solution.
For example, Dervan's33 recent observations on the chemistry of succinoyl
peroxides can be a result of an electron transfer from a diradical intermediate
to the starting peroxide. The resulting radical ion species would then
generate the observed products.
It appears that the most efficient chemiluminescent processes
may now be postulated to proceed by the CIEEL mechanism. Examples are
chemiluminescence due to substiéuted aryl oxalate esters, known to be
catalyzed by aromatic hydrocarbons, and of simple dioxetanes and
dioxetanones containing easily oxidized substituents, which are particularly
reactive and usually generate high yields of electronically excited singlets.
In summary, the findings reported herein generate many new possible
approaches to preparing and understanding chemiluminescence in particular
and. the behavior of high energy content m61ecu]es in general. We are

continuing to expand our probe into the chemistry of this new reaction

path.




EXPERIMENTAL

General. All melting points are uncorrected. The solvents used for
measurement of chemiluminescence emission spectra, kinetics and fluorescence
spectra were spectrograde and used as received unless otherwise indicated.
Perylene, diphenylanthracene (DPA), and anthracene (99.9. pure) were used as
purchased from Aldrich. Naphthacene and coronene were recrystallized in
spectrograde benzene (Fisher). Rubrene was purified by chromatography
on A1203 and recrystallized in spectrograde benzene. The triphenylamine
(Aldrich) was purified by recrystallization three times in n-hexane:benzene
(10:1) and finally sublimation. The photon counting technique with an EMI
9813 photomultiplier was used for measurements of chemiluminescence emission
spectra and kinetics. A Farrand Mark I Spectrofluorometer was employed
for obtaining fluorascence spectra of the aromatic hydrocarbons. A

Varian Aerograph Series 2700 was used for analytical gas chromatography.

Diphenoyl Peroxide 1. l was prepared by the ozonolysis procedure of
namiE::?“Y“V33:¥¥?2§§?3§“3as accomplished by repeated recrystallization
from MeOH/CH'ZCI2 at -20° and gave pale yellow needles that decomposed at
ca. 73°. Molecular weight determination by vapor pressure osmometry indicated

that the compound was monomeric and peroxide titration showed that it was

\
”~

at ‘least 95% pure.

Exciplex Emission from l and Triphenylamine. The chemiluminescence

LA VAV AVAVAVAVAVAVAVAVAVAVAVAVA n UVV\NVVVVV\o_ a4 __3
emission from l (1.2 x 100 " M) and Ph3N (3.8 x10 "= 1.4 x 10 " M) in
benzene (Fisher, spectrograde) at 32.6° showed a structureless broad
peak with maximum intensity at 450 nm. This spectrum was identical to the

spectrum which emerges when a nitrogen-purged solution of benzocoumarin
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(1.0 x 102 #) and Ph N (2.7 x 1072 M) in benzene was irradicated at
359 nm at room temperature. When benzocoumarin and Ph3N were
photoexcited in benzene separately, there was no emission at 455 nm.

The chemiluminescence intensity of ], and Ph3N reached a maximum with
benzene: CH3CN = 43:7 and thereafter decreased rapidly upon further
addition of CH3CN.

Chemical Yields from the Reaction of L with Various Aromatic
WA/V\M/W\A/WWWVWW\AAN\ANVV\AIWVUW\AIW\MANW\A/W
Hydrocarbons.
R AVAVAVAVAVAVAVAVAVAVAV V)
a. Yields of Benzocoumarin from DPP alone.

A solution of ] (3.30 mg, 0.0138 mmol) in 130 ml of CH,Cl, was

purged with nitrogen for 4 min, wrapped with aluminum foil, and stirred
for 24 hr under nitrogen at room temperature. The volume of the solution
was reduced to ca. 3 ml and the resulting solution was transferred to a

5 ml volumetric flask. Benzocoumarin was the only product detected by gas
chromatography (SE-30 3% on Chrom G, 4 ft glass column at 200°). The
yield of benzocoumarin was determined to be 75% by using an authentic
sample.34

b. Yields of Benzocoumarin and Diphenic acid from the Reaction of DPP

with Rubrene.

A solution of ] (2.50 mg, 0.0104 mmo])‘gnd rubrene (28 mg, 0.053 mmol)
in 50 ol of CH2C12 was purged with nitrogen for 4 min, wrapped with aluminum
foi{, and stirred for 3 hr under nitrogen at room temperature. Following
the same procedure as above, the yield of benzocoumarin was determined to
be 74% by gas-chromatographic analysis.
A solution of ).(8.10 mg, 0.0337 mmol) and rubrene (24.6 mg, 0.0462 mmol)

in 70 ml of CHZCIZ, was treated as above. After reducing the volume of the




-v.ﬂ-,._.-m

—

«21-

reaction mixture to about 5 ml, the resulting solution was treated with

an excess of diazomethane (generated via Diazald obtained from Aldrich) for

1 hr at room temperature. The volume of the resulting mixture was further

reduced in vacuo and transferred to a 5 ml volumetric flask. Benzocoumarin

(60% yield) and dimethyl diphenate (4% yield) were detected by gas chromatography

(SE-30 3% on Chrom G, 4 ft glass column at 190°) by comparison with authentic

sanp]es.35
Note that no diphenic acid from reaction of l alone was detected as

its dimethyl ester by gas chromatography under conditions identical to those

above, apd that benzocoumarin (62% yield) was the only detectable

decomposition product of DPP after treatment with diazomethane.

Rgn&ggggmar1%M%ggmm&kgmggg;t1 n of Diphenic Anhydride with Poggg;ium

kaK£XARXgKQR§KR%Ag§;in Tgtrahxdrofgran. A solution of diphenic anhydride
(1.5 g, 0.0070 mol) and potassium tert-butylhydroperoxide (0.050 g, 0.0039 mol)

- in 50 ml of dry THF was refluxed under nitrogen for 1 day. After reducing

the volume of the reaction mixture to ca. 10 ml, the resulting suspension
was poured onto 100 ml of 1IN H2504. The mixture was extracted with CH2C12
(3 x 30 ml) and the combined extracts were washed with 5% NaZCO3 (2 x 50 ml)
then brine, and dried over anhydrous Na2504. After evaporation of the
solvent, the residue was chromatographed on silica gel using CH2612:Hexane

(l:l). The first fraction gave a white solid (60 mg) that was identical with

that of an authentic sample of benzocoumarin. The yield of benzocoumarin

was determined to be 30% based upon the consumed hydroperoxide.

C— ——
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Table 1. Effect of activator structure and oxidation potential on uni-

and bimolecular reaction of diphenoyl peroxide in CH2C12 at 32.5°.

Activator Eou (ev)2 k] x 10 (sec']) kz (M.]sec'])
Rubrene 0.322 4.57 + 0.04° 14.7 + 0.6
Tetracene 0.954 5.4 + 0.2 4.52 + 0.04
Triphenylamine 0.92% 4.2 + C.2 2.60 + 0.03
Perylene 1.06% 4.45 + 0.07 1.45 + 0.01
DPA 1.22% 4.3+ 0.1 0.103 + 0.004 .
Coronene 1282 4.74 + 0.1 0.100 + 0.001
Anthracene 1.352- 4.94 + 0.05 0.056 + 0.001
Pyrene 1368 4.0 + 0.5 0.034 + 0.005

b

!

b
:

in Non-Aqueous Systems", Marcel Dekker, New York, N.Y., 1970.

standard deviations calculated by the least squares technique.

2ys. SCE. 21 CH,C1

2 C. K. Mann and K. K. Barnes, "Electrochemical Reactions

€ A11 errors are

9-v. D. Parker,

J._Am. Chem. Soc., 98,98 (1976). S E. T. Seo, R. F. Nelson, J. M. Fritsch,

L. S. Marcoux, 0. W. Leedy, and R. N. Adams, J. Am. Chem. Soc., 88, 3498 (1966).
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Table §. Effect of activator structure on light yield and light

efficiency for diphenoyl peroxide in (ZHZC'I2 at 32.5°.

Normalized Normalized
Activator Light Yield® Light Efficiency®
DPA 1 1.0
Coronene 1 1.0
Perylene 19 1.3
Tetracene 56 1.2
Rubrene 220 1.5

2 Observed total photon yield corrected for photomultiplier tube
response, monochromater efficiency and fluorescence efficiency normalized
so that DPA = 1.0. b Efficiency of excited state generation for those

diphenoyl peroxide moleucles that react by the CIEEL path.
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Captions for Figures

Figure
Figure

Figure

Figure

Figure

Figure

1. Conventional chemiluminescence of organic molecules.
2. General pathway for electrogenerated chemiluminescence.
3. The effect of activator structure and activator concentration
on the observed first order decay of Diphenoyl Peroxide:
2— rubrene;&v— naphthacene;cﬁ perylene;0~0 - DPA;
I\ - pyrene.
4. Reciprocal plot of chemiluminescent intensity against concentration

of DPA in CHZC] at 32°.

2
5. Correlation of the magnitude of k2 with the oxidation potential
of the activators. In order of decreasing on the points are:

Rubrene, laphthacene, Perylene, DPA, Chrysene, Pyrene.

6. Fluorescence, chemiluminescence, and exciplex emission from the

triphenylamine system. Al1 spectra were recorded at room

temperature in benzene solution.
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